Abstract: The synthesis of polyunsaturated fatty acids, the most abundant fatty acids in plants, begins with a reaction catalyzed by fatty acid desaturase-2 (FAD2; EC 1.3.1.35), also called as microsomal ∆12 oleate desaturase. The gene (Bjfad2; GenBank accession No. EF639848) coding for this enzyme from Brassica juncea was previously isolated and characterized. However, functional identity of Bjfad2 was not established. Utilizing the known Bjfad2 cDNA sequence, the ORF of Bjfad2 gene was cloned into the pMAL C2X Escherichia coli expression vector and produced recombinant plasmid by insertion of isolated ORF downstream to the maltose-binding protein coding sequence. The pMALC2X-Bjfad2 vector was used to transform the TB1 strain of E. coli. Induced expression of pMAL-BJFAD2 fused product resulted in the synthesis of a polypeptide with an apparent molecular mass of 80 kDa, which was 8 kDa less than calculated mass as determined by SDS-PAGE, since the fused MalE-Bjfad2 gene contains eight additional codons located between the MalE and Bjfad2 gene. In vitro activity assay of oleate desaturase using the corresponding bacterial crude extracts confirmed that the polypeptide was the product of the Bjfad2 gene. The reaction products analysis of the fatty acid methyl esters by gas chromatography showed the presence of a new peak with a similar retention time to linoleic acid, which was absent in the control activity assay without electron donors. Thus, B. juncea gene has been functionally identified since it encodes the enzyme that catalyzed the desaturation of oleate to linoleate.
Introduction
In higher plants, the fatty acid biosynthesis starts in plastids, yielding primarily palmitoyl-acyl carrier protein (ACP) and stearoyl-ACP by successive addition of two carbon atoms from acetyl-CoA (Harwood 1996) . Most of the stearoyl-ACP is desaturated by the action of a soluble ∆9 stearoyl-ACP desaturase producing oleoyl-ACP, which is the main product of the plastidial fatty acid biosynthesis. The oleic acid is then incorporated into glycerolipids inside or outside plastids, and it can be further desaturated to linoleic, and then to α-linolenic acid by the consecutive action of ∆12 and ∆15 desaturases.
There are several plant fatty acid desaturases, most of which reside in chloroplasts and the endoplasmic reticulum (ER). In particular, fatty acid desaturase 2 (FAD2; EC 1.3.1.35) plays a key role in the synthesis of the polyunsaturated fatty acids (PUFAs) linoleic acid (18:2) and linolenic acid (18:3), which are most abundant in plants. It is an integral ER membrane bound protein that converts sn-2-oleoyl phosphatidylcholine (PC) to sn-2-linoleoyl PC (Shanklin & Cahoon 1998) . These PUFAs in plant lipids play key roles in plant metabolism as structural components of membrane lipids, as precursors of signalling molecules involved in plant development and stress response, and as storage compounds in the form of triacylglycerols (Ohlrogge & Browse 1995; Weber 2002) . Two set of these enzymes are present in plant cells, which differ from each other in their cellular localization, lipid substrates, and electron donor system (Shanklin & Cahoon 1998) . The microsomal oleate desaturases (FAD2) and linoleate desaturase (FAD3) are located in the ER, use phospholipids as acyl substrates and NADH, NADH: cytochrome b5 reductase and cytochrome b5 as electron donor system. In contrast, the plastidial oleate desaturases (FAD6) and linoleate desaturase (FAD7/8) are located in the chloroplast, use primarily glycolipids as acyl carriers and NAD(P)H, ferredoxin-NAD(P) reductase and ferredoxin as electron donor system. The fad2 gene was first identified in Arabidopsis (Okuley et al. 1994 ) and subsequent investigations have identified one or more fad2 genes in various crops, such as soybean, sunflower, cotton, sesame, and olive (Heppard et al. 1996; Hongtrakul et al. 1998; Liu et al. 1999; Jin et al. 2001; Hernadez et al. 2005) . FAD2 contains six transmembrane domains and three histidine boxes harbouring eight iron-binding histidines (Okuley et al. 1994; Shanklin et al. 1994) . These histidines appear to be crucial for proper enzymatic function, since substitution of a histidine with a different amino acid disrupts desaturase function (Shanklin et al. 1994; Kurdrid et al. 2005) . Because it controls the proportion of PUFA in seed oil, this enzyme is also important for biotechnology and crop science.
To date, fad2 gene has mainly been utilized to increase the proportion of oleic acid (18:1) in cooking oils and bio-diesel through suppression of fad2 gene expression (Buhr et al. 2002; Liu et al. 2002) . More recently, a novel fad2 gene isoform from Brassica juncea (Indian mustard) encoding a polypeptide of 384 amino acids was isolated and characterized (Suresha et al. 2012) . The deduced amino acid sequence of this gene displayed the typical three histidine boxes, characteristic of all membrane bound desaturases, and possessed a C-terminal signal for ER retention. Based on genomic Southern blot analysis, more than two copies of fad2 gene were predicted representing the allelic diversity in the tetraploid B. juncea genome. The Bjfad2 gene was constitutively expressed in all tissues and is developmentally regulated. Up regulation of Bjfad2 gene expression under low growth temperature conditions resulted in high PUFA content of B. juncea seeds. Differential expression of Bjfad2 gene from high and low erucic acid B. juncea genotypes was also reported (Suresha et al. 2012) . In continuation of the earlier work and also utilizing the Bjfad2 gene sequence information, this study confirms the functional identity of a Bjfad2 gene. In this direction, the ORF of Bjfad2 gene was cloned and analyzed the in vitro expression of a gene for its protein and its activity through synthesis of linoleic acid in the Escherichia coli cells.
Material and methods
E. coli strains DH5α and TB1 were used in molecular cloning experiments. Plasmid vectors of pGEMT Easy (Promega, USA) and pMALC2X (New England Biolabs, USA) were used for PCR product cloning and expression studies, respectively. Restriction enzymes EcoRI and BamHI were supplied by Fermentas (Fermentas Inc., USA). QIAquick gel extraction kit (Quiagen) was used for the purification of the PCR product from the agarose gel. All other chemicals used in this research work were of molecular biology grades.
Isolation and cloning of Bjfad2 gene
The corresponding ORF of the Bjfad2 gene, cloned originally by Suresha et al. (2012) , was amplified by Taq DNA polymerase (Fermentas Inc., USA) using the following pair of primers: EXF: 5'-GAATTCATGAGTGCAGGTGGAA GAATG-3' and EXR: 5'-GGATCCTCATAACTTATTGTT GTACCA-3'. These primers were extended by EcoRI and • C for 10 min. The resulting PCR product was separated on 0.8% agarose gel electrophoresis and amplicon of size 1.15 kb fragment were cut out and eluted using QIAquick gel extraction kit (Quiagen) according to the manufacturer's instructions. The resulting 1.15 kb PCR product was restricted with the corresponding restriction enzymes and ligated into EcoRI and BamHI digested pMALC2X. The E. coli strain TB1 cells were transformed with the resulting plasmid according to the recommendations by the kit suppliers (Protein fusion and purification system kit; New England Biolabs, USA) and selected on Luria broth ampicillin agar plates. Plasmid DNA from the recombinant clones were isolated and incubated with EcoRI and BamHI restriction enzymes at 37
• C for overnight. Restriction of recombinant plasmids was confirmed through agarose gel electrophoresis. The cloning junctions were checked by sequencing for directional cloning prior to expression studies by making use of the automated DNA sequencing facility at the University of Delhi, South Campus, New Delhi, India.
Expression of Bjfad2 gene in E. coli
Luria broth medium containing glucose and ampicillin (5 mL) was inoculated with a single colony of freshly transformed bacteria and grown at 37
• C until the absorbance at 600 nm (A600) was 0.5. Then, 200 mL of Luria broth rich ampicillin medium was inoculated with the whole preculture and grown at 37
• C. When the culture reached the A600 of 0.6, 0.3 mM isopropylthio-β-galactoside was added to induce gene expression. The culture was subsequently incubated for 2.5 h and disrupted by sonication as recommended by the manufacturer. Total soluble protein was extracted from the bacterial lysate in extraction buffer containing 20 mM Tris HCl, pH 8.0, 200 mM NaCl, 1 mM EDTA, 1 mM azide, and 10 mM β-mercaptoethanol.
Purification of recombinant protein
The fusion protein was purified from the crude extract of induced bacterial culture by maltose affinity column chromatography according to the recommendations of the kit suppliers (Protocol in protein fusion and purification system kit; New England Biolabs, USA). The purification was carried out in a 2.5×10 cm column packed with amylose resin specific for the maltose-binding protein, which forms a part of the fusion protein. The recombinant protein was eluted from the column with protein extraction buffer containing 10 mM maltose.
SDS-PAGE
Total and purified fusion protein fractions from induced and uninduced E. coli cells were subjected to SDS-PAGE on a 10% running gel as previously described (Laemmli 1970) . Proteins were located by staining with 0.3 mM comassie blue R-250, 40% (v/v) methanol and 7% (v/v) acetic acid. Since maltose-binding protein forms a part of fusion protein, the approximate size of the recombinant product was expected to be about 88 kDa on the gel.
Protein determination
Protein concentration was estimated using the Bradford protein reagent dye (Sigma) with bovine serum albumin as the standard according to the manufacturer's instructions. In vitro assay of BJFAD2 activity The in vitro activity of the recombinant oleate desaturase (FAD2) from B. juncea was determined by monitoring the production of linoleate from oleate, as described previously (Wada et al. 1993; Pampoon et al. 1998 ) and modified as follows. An aliquot of the crude extract corresponding to approximately 50 µg of protein was incubated in a total volume of 1 mL with 50 mM MOPS-KOH pH 7.5, 10 mM MgCl2, 220 µg of cytochrome b5 (Sigma), 200 mU of NADH: cytochrome b5 reductase (Sigma), 5 mM NADH (Sigma), 40,000 U of catalase (Sigma) and 150 µM Na-oleate (Sigma). After 1 h at 25
• C with constant shaking in a water bath, the reaction was stopped by adding 5 mL chloroform:methanol:acetic acid (50:50:1, v/v/v) and 1 mL water. After shaking and centrifugation at 1500×g for 5 min, the lower lipid phase was transferred to a new tube and evaporated to dryness with nitrogen. Fatty acid methyl esters were obtained and fatty acid analysis was carried out according to the method described by Vasudev et al. (2008) with minor modifications using Perkin Elmer Claurus 500, a gas liquid chromatography fitted with mega-bore column packed with stationary phase (30 meter long and 0.53 mm ID, packed with OV-101, a polymer of methyl silicone) and a flame ionization detector (FID). It was analysed under the column temperature of 150-270 
Results and discussion
Cloning of Bjfad2 gene B. juncea fad2 cDNA sequence was previously isolated and characterized (Suresha et al. 2012 ). However, its functional identity has not been established. To confirm the functional identity of the Bjfad2 gene, we have amplified the Bjfad2 gene from the previously cloned pGEMT-Bjfad2 plasmid using primers corresponding to the Bjfad2 ORF with EcoRI and BamHI restriction sites at their 5' ends. The amplified product was confirmed through agarose gel electrophoresis and found to have 1.15 kb amplicon size (Fig. 1a.) . The corresponding ORF was cloned into the expression vector pMALC 2 X under the control of the inducible promoter pTAC, and the resulting vector pMAL-Bjfad2 was used to transform E. coli cells, strain TB1. Recombinant pMAL-Bjfad2 plasmids were analyzed for the presence of cloned product through the in vitro restriction (Fig. 1b) . Recombinant plasmid was sequenced for confirming the right orientation of Bjfad2 ORF (data not shown).
In vitro expression of Bjfad2 in E. coli and its desaturase activity Induction of the expression of the pMAL-BJFAD2 fused product resulted in the synthesis of a polypeptide with an apparent molecular mass of 80 kDa, which was 8 kDa less than calculated mass as determined by SDS-PAGE (Fig. 2) , since the fused MalE-Bjfad2 gene contains eight additional codons located between the MalE and Bjfad2 gene. To confirm that the polypeptide was the product of the Bjfad2 gene, we have carried out the BJ-FAD2 in vitro activity assay using the corresponding bacterial crude extracts. The reaction products analysis of the fatty acid methyl esters by GC (Fig. 3) showed the presence of a new peak with a similar retention time to linoleic acid, which was absent in the control activity assay without electron donors. Thus, B. juncea gene has been functionally identified since it codes for the enzyme that catalyzed the desaturation of oleate to linoleate. Although functional expression of a Cyanobacterium and olive fad2 ∆12 desaturase in E. coli has been previously reported (Wada et al. 1993; Pampoon et al. 1998; Hernandez et al. 2011) , this is the first time that a Brassica spp. fad2 gene is overexpressed in this organism, obtaining an active enzyme. In contrast, the functional identity of Arabidopsis fad2 gene was demonstrated by functional expression in Saccharomyces cerevisiae (Covello & Reed 1996; Kajiwara et al. 1996) . Similarly, functional expression of several 3 . GC analysis of fatty acid methyl esters from the reaction products of the BJFAD2 activity assay. FAD2 activity was measured using crude extracts obtained from TB1 E. coli cells transformed with the plasmid pMAL-Bjfad2 (a) in the absence (upper panel) and (b) presence (lower panel) of the electron donor system (cytochrome b5, NADH: cytochrome b5 reductase and NADH) in the assay mixture. The reaction products were extracted and the fatty acids analyzed by GC. Fatty acids are indicated as 16:0 (palmitic acid), 18:0 (stearic acid), 18:1 (oleic acid) and 18:2 (linoleic acid). Values shown above each peak represents retention time for hexane (1.10), palmitic acid (7.15), stearic acid (8.93), oleic acid (9.09), linoleic acid (9.35) and unidentified fatty acid (10.58).
plant microsomal desaturases, such as fad2 genes from cotton (Pirtle et al. 2001; Zhang et al. 2005) , tung (Dyer et al. 2002) , olive (Hernandez et al. 2005) , and soybean (Li et al. 2007) , have been reported previously and their functional identity was established in S. cerevisiae.
The genes for ER-and plastid-derived ∆12 FADs have been characterized from some plant species. Several different microsomal oleate desaturase (FAD2) genes may exist, depending on the particular plant. For instance, there is only one fad2 gene existing in Arabidopsis (Okuley et al. 1994 ), whereas two different fad2 genes in olive have been identified, one having seed specificity and constitutively expressed microsomal oleate desaturase (Hernandez et al. 2005) . Three differentfad2 genes have been identified in both cotton and sunflower, with one expressed specifically in seed and the other two expressed in all tissues tested (Liu et al. 1999; Martinez-Rivas et al. 2001; Pirtle et al. 2001) . Recently, we reported three fad2 gene homologues (Bjfad2a, Bjfad2b and Bjfad2c) from B. juncea, however, functional identity of these gene homologues has not been established (Suresha & Santha 2013) . Functional identity of two fad alleles (fad2-1 and fad2-2) was identified in soybean (Heppard et al. 1996) . The fad2-1 gene was specifically induced during seed development when the rate of storage lipid synthesis is at its maximum. In contrast, the fad2-2 gene was constitutively expressed in both vegetative tissues and throughout seed development, although the highest expression level was found in leaf tissues (Heppard et al. 1996) . Similarly, functional expression of two fad2 cDNAs from olive was studied (Hernandez et al. 2005) . Oepfad2-1 transcript was strongly detected in very young seeds and in leaves, showing low levels in mesocarps, while the transcript of the Oepfad2-2 gene was moderately expressed in developing seeds, ripening mesocarp and leaves (Hernandez et al. 2005) . These expression data suggested the differential functions for the two olive microsomal oleate desaturase genes, with fad2-1 possibly responsible for the desaturation of reserve lipids in the young seed, while fad2-2 maybe mainly involved in storage lipid desaturation in the mature seeds and the mesocarp (Hernandez et al. 2005) .
Mutation in fad2 gene locus and its effect on differential regulation of oleic acid accumulation in seed oils has been reported in many oilseed crops. Studies with high oleate mutant varieties in oilseed crops, such as sunflower, soybean and rapeseed, have demonstrated that microsomal oleoyl-PC desaturase activity is lost in developing seeds in these mutants (Martin & Rinne 1986; Garces & Mancha 1991; Lee & Guerra 1994; Lacombe et al. 2009 ). In sunflower, the high oleate trait was due to a dominant mutation, but the high oleate character is confined to the seed, as in the case of the high oleate peanut line (MartinezRivas et al. 1998) . Furthermore, the steady-state level of oleoyl-PC desaturase gene transcripts was dramatically reduced in high oleate sunflower seeds (Kabbaj et al. 1996; Hongtrakul et al. 1998; Martinez-Rivas et al. 1998 ). In addition, antisense repression of the microsomal oleoyl-PC desaturase in transgenic rapeseed resulted in an increase in oleic acid concentrations of up to 83% (Topfer et al. 1995) . Co-suppression of this gene has been successfully used to generate soybean and rapeseed with high oleic acid levels (Hitz et al. 1995; Kinney 1998; Kinney & Knowlton 1998) . Mutations were also associated with oleate desaturase gene duplications leading to gene silencing and, consequently, to oleic acid accumulation (Lacombe et al. 2009 ).
Role of intron on regulation of gene expression is well studied in several plants. Fad2 genomic sequences contain single large intron in their 5' untranslated region (UTR), which is evolutionarily conserved, although the length of the intron varies across the plant species (Suresha & Santha 2013) . Evolution of 5' UTR intron and its role in expression of fad2 gene have been studied in Sesamum indicum (Kim et al. 2006) and Gossypium (Oukley et al. 1994; Voewort et al. 2000; Liu et al. 2001; Pirtle et al. 2001) . The sequences of the intron in the sesame gene, were assessed and identified for intron mediated enhancement of Sefad2 gene expression and the promoter-like activity (Kim et al. 2006) . Expression of reporter genes under the control of the maize Adh1, Sh1, Bx1 or Act promoter was increased up to several hundred folds by the inclusion of an intron (Callis et al. 1987; Oard et al. 1989; Vasil et al. 1989; Maas et al. 1991) . Genes encoding polyubiquitin and translation elongation factor EF-1α proteins from Arabidopsis thaliana have an intron in the 5' UTR that increased the expression of reporter gene fusions 2.5-1000-fold relative to intron-less control (Curie et al. 1991 (Curie et al. , 1993 Norris et al. 1993 ). This enhancement of gene expression has been ascribed to intron splicing (Gidekel et al. 1997) . Similar to these studies, the intron present in the 5' UTR of isolated Bjfad2 homologues would be a novel target for studying its role in regulation of fad2 gene expression in B. juncea.
In conclusions, this study represents the first report on the cloning and functional expression of Bjfad2 in E coli. Acyl-lipid desaturases, which are membranebound and introduce a double bond into fatty acids bound to phospholipids/glycerolipids, have not yet been purified or well characterized. As oleate desaturases regulate the membrane properties and the synthesis of storage lipids, the study of molecular and biochemical regulation of this enzyme is important in Brassica. In the present investigation, the results demonstrated that Bjfad2 is the structural gene for a ∆12 desaturase. For this, we have expressed the ∆12 desaturase of B. juncea in E. coli and found high ∆12 desaturase activity in the E. coli homogenate. Functional identity of Bjfad2 gene established in the current study will help in utilizing Bjfad2 gene for genetic manipulation of fatty acid biosynthetic pathway in Brassica and thereby to achieve desired oil quality. The system developed in this study provides many possibilities for future biochemical studies of the ∆12 desaturases.
